The influence of seed crystals on the interzeolite conversion of FAU type zeolite into CHA type zeolite was investigated in the presence of benzyltrimethylammonium hydroxide as a structure-directing agent under various hydrothermal synthesis conditions. Pure and highly 2 crystalline CHA type zeolites with a wide range of Si/Al ratios were obtained in a shorter crystallization time as compared with those obtained without seed crystals. Furthermore, we achieved the first successful synthesis of high-silica CHA type zeolite in the absence of Na + cations by increasing the seed content. The protonated CHA type zeolite with a Si/Al ratio of ca. 15 yielded the highest propylene yield of ca. 48 C-% in ethanol conversion into light olefins.
as a structure-directing agent (SDA) [6, 7] .
Recently, we investigated the potential for interzeolite conversion -hydrothermal conversion of one zeolite into another -which has attracted much attention as an alternative strategy for zeolite synthesis. We have succeeded in synthesizing several types of zeolites, such as *BEA, LEV, MTN, OFF, and RUT, from FAU type zeolite in the presence of a variety of SDAs [8] [9] [10] [11] [12] . The crystallization rate of zeolite with FAU type zeolite was greater than that with aluminosilicate gel (the conventional synthesis). The enhancement in the crystallization rate occurs because the decomposition/dissolution of the starting zeolite generates locally ordered aluminosilicate species (nanoparts) that assemble and evolve into another type of zeolite.
Very recently, we also succeeded in synthesizing high-silica CHA type zeolite from FAU type zeolite using benzyltrimethylammonium cation (BTMA + ) instead of a typical SDA, namely, the expensive TMAda + cation [13] . The protonated CHA type zeolite exhibited good catalytic performance for conversion of ethanol to light olefins, with product yields of 54.7 C-% ethylene and 35.1 C-% propylene. However, a prolonged crystallization time (up to 21 days) was required, and the Si/Al ratio range (16) (17) of the obtained CHA type zeolite was surprisingly narrow.
In general, it is well known that adding seed crystals of the desired zeolite phase to the starting synthesis gel can enhance the crystallization rate [14] [15] [16] [17] . Moreover, it is also possible to control the crystal size distribution in this manner [18, 19] . Although the mechanism of the crystallization rate enhancement has not been clarified, two explanations have been offered [20] : (1) the increase in the surface area due to the addition of the seed crystals results in an increased and faster consumption of reagents and (2) seeds promote nucleation through some secondary nucleation mechanism. were carried out using a TG/DTA apparatus (SSC/5200 Seiko Instruments). A sample (ca. 7 mg) was heated in a flow of air (50 mL min -1 ) at a heating rate of 5 °C min -1 from room temperature to 800 °C.
Catalytic testing
The catalytic performance of the protonated CHA type zeolite (H-CHA) for the ethanol conversion reaction was tested using a quartz fixed-bed reactor at 400 °C and atmospheric pressure. The protonated form was prepared using an ion-exchange method with a 1 M NH 4 NO 3 solution, followed by calcination at 450 °C for 10 h. The reaction gas, EtOH/N 2 (50/50 vol%), was fed at a W/F (g (H-CHA)/mL (EtOH/N 2 ) per min) of 0.0125-0.03 g min mL -1 . The gaseous products were analyzed through on-time GC equipped with TCD-and FID-type detectors,
on Shincarbon ST (Shinwa Chem. Ind. Ltd., Japan) for N 2 , H 2 , and CO 2 ; on Gaskropack54 (GL Sciences, Japan) for ethanol; and on RT-alumina PLOT (Restek, USA) for C 1 -C 4 hydrocarbons.
The product yields were calculated using N 2 as an internal standard.
Results and Discussion

Synthesis and characterization of high-silica CHA type zeolite
When the hydrothermal conversion of FAU type zeolite was carried out in the absence of seed crystals, a prolonged crystallization time (21 days) was required for synthesis of highly crystalline CHA type zeolite (sample no. 1 in Table 1 ). The FAU-CHA interzeolite conversion did not occur when the Si/Al ratio of the starting FAU type zeolite was 25 (sample no. 2). When the 2 wt% seed crystals were added to the starting gel, however, highly crystalline CHA type zeolite was obtained after hydrothermal treatment for only 7 days (sample no. 5). The yield of CHA type zeolite was ca.
92% based on the weight of the FAU type zeolite. Fig. 1 Fig. 2 (b) ). On the other hand, CHA type zeolite obtained with seed crystals exhibited a cubic morphology, and the crystal size was 100-200 nm (Fig. 2 (c) ).
Next, to clarify the chemical states of aluminum and silicon in the obtained CHA type zeolite, 27 Al and 29 Si MAS NMR measurements were performed. Fig. 3 provides the 27 Al MAS NMR spectra of CHA type zeolites obtained without and with seed crystals. Regardless of the presence of seed crystals, only one peak centered at ca. 55 ppm was observed, corresponding to tetrahedrally coordinated aluminum species. The peak corresponding to octahedrally coordinated aluminum species, i.e., extra-framework aluminum species, was not observed at around 0 ppm. This means that all of the aluminum species present in both CHA type zeolites resulting from hydrothermal conversion of FAU type zeolite exist within the zeolite framework. Thethese CHA type zeolites are also shown in Fig. 4 . Three peaks were observed centered at ca. -110, -105, and -100 ppm, and they are assigned to Q 4 (0Al), Q 4 (1Al), and Q 4 (2Al) + Q 3 (0Al), respectively (Fig. 4) In our previous studies, alkaline metal cations, especially Na + cations, were required for synthesis of LEV, MTN, and OFF type zeolites from FAU type zeolite [9] [10] [11] . To clarify the role of Na + cations in the FAU-CHA interzeolite conversion process, the interzeolite conversion was carried out in the absence of NaCl. Although a higher BTMAOH/SiO 2 ratio and seed content were needed, the FAU-CHA interzeolite conversion proceeded effectively (sample nos. 13-15 in Table 1 ). It was thereby found that Na + cations are not required for interzeolite conversion in the presence of seed crystals. To our knowledge, this is the first report on alkaline metal cation-free synthesis of high-silica CHA type zeolite. As can be seen in Fig. 2 (d) , the crystal size of Na + cation-free CHA type zeolite was considerably smaller than that obtained in the presence of Na + cations, suggesting an enhancement of nucleation. Fig. 5 
Ethanol to olefins reaction
Regarding the high-silica CHA type zeolites with a wide range of Si/Al ratios that were obtained by interzeolite conversion of FAU type zeolite in the presence of seed crystals, their catalytic performance for ethanol conversion to light olefins was evaluated using a fixed-bed reactor at atmospheric pressure and a temperature of 400 °C, with W/F = 0.0125 g min mL propylene yields were strongly dependent on the Si/Al ratio, and the maximum propylene yield of ca.
48 C-% was obtained at the Si/Al ratio of ca. 15. On the other hand, the ethylene yield tended to increase with an increase in the Si/Al ratio. As it is well known that the product distribution in the zeolitic ethanol conversion process strongly depends on the acidity as well as the channel structure of zeolite and that ethanol is considered to first convert to ethylene and then subsequently to higher hydrocarbons, the observed relationship between the Si/Al ratio and initial ethylene and propylene yields seems to be related with the oligomerization ability of ethylene on the acid sites. Next, therefore, the effect of ethylene consumption on the propylene yield was investigated [24] . The propylene yield was plotted against the ethylene consumption rate (%, 100 -yield of ethylene), as shown in Fig. 8 . To obtain a variety of ethylene consumption values, the ethanol conversion reaction was carried out at 400 °C while varying the W/F ratio. The propylene yield increased with an increase in the ethylene consumption rate, and it reached a maximum yield of ca. 48 C-% at ca. 72% ethylene consumption rate. This value is similar to that of SAPO-34 (52.2 C-% at 71.2% ethylene consumption) having a CHA type structure [4].
Conclusions
In this study, we reported FAU-CHA interzeolite conversion in the presence of seed crystals. By adding seed crystals together with Na + cations, CHA type zeolites with a wide range of Si/Al ratios (13.4-21.5) were obtained with shorter crystallization time (7-14 days). The addition of seed crystals reduced the crystal size from ca. 1.5 μm to 200 nm. We also achieved the first successful synthesis of high-silica CHA type zeolite in the absence of Na + cations by using a higher content of seed crystals, indicating that no H + ion-exchange process is required for the use of a solid acid catalyst. The protonated CHA type zeolite exhibited good performance in relation to the conversion of ethanol to light olefins. A maximum propylene yield of ca. 48 C-% was achieved at the Si/Al ratio of ca. 15. with seed crystals (sample no. 5). 
